This study was conducted to investigate the presence of plasmid-mediated quinolone resistance (PMQR) genes in β-lactamase-producing Escherichia coli isolates from layer hens and to characterize their molecular background. Among 142 E. coli isolates, 86 (60.6%) showed multidrug resistance and 15 (10.6%) were found to be β-lactamaseproducing E. coli. Extended-spectrum β-lactamase (ESBL) and plasmid-mediated AmpC (pAmpC) β-lactamase genes, bla CTX-M-14 and bla CMY-2 , were identified in three and six E. coli isolates, respectively. The non-ESBL or pAmpC gene, bla TEM-1 , was found in eight of the isolates. Two isolates had both genes, bla CTX-M-14 and bla TEM-1 . Among the 15 β-lactamaseproducing E. coli, six PMQR genes, qnrS1 (n = 3) and qnrB4 (n = 3), were identified. Among the six PMQR-positive E. coli isolates, four exhibited double amino acid exchanges at both gyrA and parC with ciprofloxacin and enrofloxacin minimum inhibitory concentrations of ≥32 and ≥16 μg/mL, respectively. Additionally, five transconjugants (33.3%) showed a transferability of β-lactamase and PMQR genes. Pulsed-field gel electrophoresis (PFGE) analysis was conducted to investigate the 15 β-lactamase-producing E. coli isolates. In PFGE, E. coli included three PFGE patterns showing the same farms and in accordance with both β-lactamase and PMQR genes and the antimicrobial resistance pattern. Layer hens may act as a reservoir of antibiotic-resistant bacteria, and the PMQR gene in β-lactamase-producing E. coli isolates from layer hens has the potential to enter the food chain. Therefore, our findings suggest that comprehensive surveillance of antimicrobial use in laying operation systems is necessary.
INTRODUCTION
Escherichia coli is a common inhabitant of the intestinal tract of mammals that can be easily spread through water, soil, and food. Most strains are harmless, but some serotypes can cause serious food poisoning in their hosts (Vogt and Dippold, 2005; CDC, 2012) . Moreover, E. coli can serve as reservoirs of resistance determinants that have been efficiently exchanged not only with each other but also with other enteric pathogens of humans and animals (Okeke et al., 2000; van den bogaard and Stobberingh, 2000) .
The misuse of antimicrobials in food animal production has led to various adverse effects, and there is growing evidence linking livestock antimicrobial consumption to antimicrobial resistance in humans (Aarestrup et al., 2008; Silbergeld et al., 2008) . As a result, there is an increasing public health hazard regarding zoonotic transmission of resistance to critically im-portant antimicrobial classes such as third-generation cephalosporins (Overdevest et al., 2011; Ewers et al., 2012) . Along with the recent widespread and inappropriate use of these antimicrobials, extended-spectrum β-lactamase (ESBL) and plasmid-mediated AmpC (pAmpC) β-lactamase have recently been identified in various Enterobacteriaceae (Ljungquist et al., 2016) . ESBL or pAmpC β-lactamase genes have primarily been spread by mobile genetic elements, such as plasmids, transposons, and integrons (Cantón et al., 2012) . In particular, mobile genetic elements can carry various antimicrobial-resistant genes, including plasmidmediated quinolone resistance (PMQR) genes. After ESBL or pAmpC β-lactamase-producing E. coli isolates acquire PMQR genes, they may become resistant to quinolone and fluoroquinolone, which are important antimicrobials (Yang et al., 2014) . Besides, widespread horizontal transfer of these genes among bacteria could contribute to the transfer between animals and humans (Moodley and Guardabassi, 2009) .
Antimicrobials have commonly been utilized in the poultry industry to improve the health of birds for disease prevention or therapeutic purposes. Although many bacteria recovered from broiler farms or chicken meat samples have been monitored, a few studies have investigated antimicrobial resistance in E. coli recovered from layer hen eggs, even though they are used for food and in many food products (Dierikx et al., 2010; Donado-Godoy et al., 2015) . Moreover, chickens (both their meat and their eggs) have been described as a source of antimicrobial-resistant bacteria in humans in several countries (Van den Bogaard et al., 2001) . Therefore, in this study, we surveyed the prevalence of PMQR genes in β-lactamase-producing E. coli isolates from layer hens and characterized their molecular background.
MATERIALS AND METHODS

Sampling
Feces and dust were collected from healthy chickens at 15 layer farms (51 flocks) in Korea during 2017 to 2018. Samples were collected once when the chickens were 20 weeks of age in accordance with the standards set by the National Poultry Improvement Plan (USDA, 2012) . Briefly, a sterile surgical gauze was moistened with 12 mL of sterile double strength skim milk (Fluka, Neu-Ulm, Germany), after which 15 different spots were swabbed per flock to obtain at least 10 g per each sample. Approximately 10 g of feces were also collected from 15 different locations. All samples were transported to the laboratory in a cooler and stored at 4
• C until use. The samples were then individually inoculated into 225 mL of mEC (Merck, Darmstadt, Germany) and incubated at 37
• C for 20 to 24 h.
E. coli Identification
Pre-enriched mEC was streaked onto MacConkey agar (BD Biosciences, Sparks, MD, USA) plates and incubated at 37
• C for 24 h. Two typical colonies from a single sample were selected. To identify E. coli, PCR was conducted as previously described (Candrian et al., 1991) . If some isolates from the same origin showed the same antimicrobial susceptibility patterns, only one isolate was randomly selected and included in this study. Overall, a total of 188 E. coli were tested in thisstudy.
Antimicrobial Susceptibility Testing
All E. coli isolates were investigated for their resistance by the disc diffusion test using 16 antimicrobial discs, and multidrug resistance (MDR) was defined as acquired non-susceptibility to at least 1 agent in 3 or more antimicrobial categories. Discs (BD) for this study were the following: amoxicillin-clavulanate (20/10 μg), ampicillin (10 μg (CLSI, 2013) . The minimum inhibitory concentrations (MIC) of cefazolin, cephalothin, cefoxitin, cefuroxime, cefotaxime, ceftazidime, cefovecin, ceftiofur, nalidixic acid, CIP, and enrofloxacin (ENR) were determined by standard agar dilution methods using Mueller-Hinton agar (BD) according to the recommendations of CLSI (2013). E. coli ATCC 25922 was used as a control organism in the antimicrobial susceptibility tests.
Detection of β-lactamase-encoding Genes
PCR amplification was conducted using primers for the β-lactamase genes bla CTX-M , bla TEM , bla SHV , and bla OXA and pAmpC β-lactamase genes presented in Table 1 . PCR products were sequenced with an automatic sequencer (Cosmogenetech, Seoul, Republic of Korea), and the sequences were confirmed against those in the GenBank nucleotide database using the Basic Local Alignment Search Tool (BLAST) program available at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/BLAST).
Detection of PMQR Gene and QRDR
PMQR determinants in the β-lactamase-producing E. coli isolates were detected by PCR assay using the primers presented in Table 1 . E. coli strain ATCC 25922 was used as a negative control in all PCR assays. The frequency of mutations in the quinolone-resistance determining region (QRDR) was measured as specified by Rodríguez-Martínez et al. (2006) and Vasilaki et al. (2008) .
Conjugation Assay
Conjugation experiments were conducted in broth using sodium-azide-resistant E. coli strain J53 as the recipient. Transconjugants were selected on MacConkey agar (BD) plates containing sodium azide (100 μg/mL; Sigma, St. Louis, MO, USA), cefazolin (8 μg/ml), and cephalothin (16 μg/ml). Antimicrobial susceptibility tests against E. coli J53 transconjugants and PCR analysis of the β-lactamase and PMQR resistance genes carried by the plasmids were conducted to confirm plasmid transfer from the donors to the recipients.
Pulsed-field Gel Electrophoresis (PFGE)
PFGE analysis was performed on 15 β-lactamaseproducing E. coli isolates by digesting genomic DNA using the XbaI (Takara Bio Inc., Shiga, Japan) enzyme according to a standard protocol from the Center for Disease Control and Prevention (CDC) using the CHEF-MAPPER apparatus (BioRad Laboratories, Hercules, CA), as previously described (Liu et al., 2007) . Analysis of gel images was performed using InfoQuest FP software ver. 4.5 (BioRad). The dice coefficient was used for similarity calculation, and the similarity matrix was expressed graphically by an unweighted average linkage (UPGMA).
RESULTS
Antimicrobial Resistance
MDR patterns of E. coli isolates from layer hens are shown in 
Characterization of β-lactamase-producing E. coli
The phenotypic and genotypic characteristics of the 15 β-lactamase-producing E. coli are shown in Table 3 . Fifteen (8.0%) of the 142 E. coli isolates were identified as β-lactamase-producing E. coli, nine of which were designated as ESBL and pAmpC producers. The ESBL genes and pAmpC β-lactamase genes, bla CTX-M-14 and bla CMY-2 , were identified in three and six E. coli isolates, respectively. Additionally, the non-ESBL or pAmpC gene, bla TEM-1 , was found in eight E. coli isolates. Two of the 15 β-lactamase-producing E. coli had both bla CTX-M-14 and bla TEM-1 . Finally, ESBL and pAmpC-producing E. coli isolates had high MIC for most cephalosporins.
Detection of PMQR Gene and QRDR
Among the 15 β-lactamase-producing E. coli, six were positive for PMQR genes. Additionally, two qnr genes, qnrS1 and qnrB4, were identified in three E. coli isolates. Moreover, four PMQR-positive isolates showed double amino acid exchange at both gyrA and parC with CIP and ENR MIC of ≥32 and ≥16 μg/mL, respectively, whereas one PMQR-positive isolate revealed a single amino acid change at gyrA with CIP and ENR MIC of ≥8 μg/mL. Finally, five transconjugants (33.3%) showed a transferability of β-lactamase and PMQR genes.
PFGE Analysis
To determine the epidemiological genetic relationships of the 15 β-lactamase-producing E. coli isolates, molecular typing PFEG analysis was conducted (Figure 1 ). Among the 12 PFGE patterns (PEP001 to PEP012) divided by 85% similarity, E. coli included three PFGE patterns (PEP005, PEP009, and PEP011) showing the same farm origin, the presence of both the β-lactamase and PMQR genes, and antimicrobial resistance.
DISCUSSION
Increased antimicrobial usage in the poultry industry because of growing demand might have contributed significantly to the emergence and dissemination of MDR E. coli, which could be a serious public health threat (Laxminarayan and Chaudhury, 2016) . In this study, 86 (45.7%) isolates were identified as MDR. In Korea, the prevalence of MDR E. coli in cattle and pig farm has been reported to be 18. 4% and 73.4%, respectively (QIA, 2015) . These findings indicate that MDR E. coli have already been disseminated throughout the food animal industry in Korea. In addition, Wasyl et al. (2013) reported that 31.0% of MDR E. coli were identified from a layer farm in the European Union. The difference in the MDR between the layer farm from Korea and those from other countries may also be associated with the use of antibiotics in each country. In Germany, France, and the United States, antibiotics consumption (per one kg of animal products) was 18.7, 43.0, and 94.0 mg/kg/y, respectively, whereas in Korea, antibiotics consumption was 285.7 mg/kg/y (Aalipour et al., 2014) . Therefore, antimicrobials used in food animals must be regulated in Korea, similar to other countries (Dutil et al., 2010; Schmidt, 2012) .
ESBL or pAmpC β-lactamase-producing E. coli are important antimicrobial-resistant genes because they are resistant to third-generation cephalosporins, which have been classified by the World Health Organization as "critically important in human medicine" owing to their importance for treating infections caused by Campylobacter, Salmonella, and E. coli (WHO, 2015) . In this study, we detected both ESBL and pAmpC β-lactamase genes, including one CTX-M gene (CTX-M-14) and one pAmpC β-lactamase gene (CMY-2). In other food animals, cattle and pigs, CTX-M-14 and CMY-2 genes are one of the most commonly detected ESBL and pAmpC β-lactamase genes (Carattoli, 2008; Meunier et al., 2010; Shin et al., 2017) . In addition, CTX-M-14 and CMY-2 genes have been detected in E. coli from poultry and their products in Europe and Japan (Hiroi et al., 2011; Briñas et al., 2003) . TEM-1, which was the β-lactamase detected in this study, was not ESBL and pAmpC β-lactamase, but it can be induced into the ESBL β-lactamase by mutations that alter the amino acid sequence around the active site of these β-lactamases (Bajpai et al., 2017) . Also, we identified three PMQR genes including qnrS1, as well as qnrB4 genes in 40.0% (6/15) of the β-lactamaseproducing E. coli. In Korea and Europe, the prevalence of the PMQR genes in poultry reportedly varies from 2.0 and 3.2% (Kuo et al., 2009; Kim et al., 2013) . In the present study, PMQR genes in β-lactamase-producing E. coli were detected in high levels. This suggests that PMQR genes are associated with the β-lactamase gene. Although PMQR genes usually confer low-level resistance to fluoroquinolones, they contribute to a high level of resistance in combination with mutations in QRDR of gyrA (encoding DNA gyrase A) and parC (encoding topoisomerase IV) (Yu et al., 2015) . In this study, the QRDR of gyrA and parC were sequenced in β-lactamase-producing E. coli isolates to establish the association between chromosomal mutations and the presence of these PMQR determinants. Among 15 β-lactamase-producing E. coli, four isolates had a double amino acid exchange in both gyrA and parC, and MIC of ≥32 and ≥16 μg/mL to CIP and ENR, respectively. The repeated and unsuitable use of fluoroquinolones and third-generation cephalosporins has led to PMQR-producing E. coli with higher levels of resistance to fluoroquinolones and emergence of ESBL and pAmpC β-lactamase-producing E. coli.
Conjugation experiments were conducted with the 15 selected isolates using E. coli J53 to confirm the plasmid transfer from the donors to the recipients. Among the 15 β-lactamase-producing E. coli, five transconjugants (33.3%) showed transferability of β-lactamase and PMQR genes, consistent with observations in a previous study (Briales et al., 2012) . Moreover, in this study, the three PFGE patterns of E. coli confirmed both the resistance to antimicrobials and the presence of the β-lactamase and PMQR genes. In addition, these three PFGE patterns corresponded to the observed farm origin. Tamang et al. (2014) and Jo and woo (2016) reported that PFGE analysis demonstrated that β-lactamase and PMQR gene producing E. coli isolated from chickens or chicken farms were diverse, but that some E. coli were genetically homogeneous, similar to the results observed in the present study. Thus, the dissemination of β-lactamase and PMQR genes in E. coli isolated from layer hens may primarily occur through horizontal transmission. These results demonstrated that the dissemination of β-lactamase and PMQR genes might lead to widespread horizontal transfer of plasmids and that layer hens can contribute to the transmission of these genes to humans through the food chain.
The bacterial contamination of eggs could occur while passing contaminated layer hens through horizontal transmission through the cloaca, and hatching environment or through vertical transmission from the yolk, albumin, eggshell membranes, or eggshells before oviposition (Keller et al., 1995; De Reu et al., 2006) . This is the first study to investigate the prevalence and characteristics of PMQR genes in β-lactamase-producing E. coli isolates from layer hens in Korea. The results indicate that the PMQR gene in β-lactamase-producing E. coli isolates from layer hens has the potential to enter the food chain and affect humans directly. Because resistant bacteria that survive antimicrobial treatment survive longer than sensitive bacteria, monitoring for resistant bacteria in layer hens could be one method of detecting antimicrobial use in laying operation systems. Overall, the results presented herein indicate a critical need for comprehensive surveillance of antimicrobialresistant E. coli by the poultry industry.
